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Developing eco-friendly polymeric plasticizers with excellent migration resistance is one of the research hotspots in the polyvinyl chloride (PVC) industry. A low-molecular-weight biobased polyester rubber (LMW-BPR) was synthesized from five biobased polyester monomers in a 100-L reactor and evaluated as a potential eco-friendly polymeric plasticizer for PVC. The obtained LMW-BPR is an amorphous polyester material with a low glass transition temperature of −48°C and a molecular weight of 22 kg/mol, which is lower than that of existing polyester rubber but higher than those of most polyester plasticizer commodities. Plasticized PVC composites with a total plasticizer content of 50 phr were prepared by using the mixture of LMW-BPR and di-isononyl cyclohexane-1,2-dicarboxylate (DINCH, an eco-friendly monomeric plasticizer commodity) as the plasticizer. The migration resistance test showed that the migration loss of plasticizer in plasticized PVC composite decreased significantly with the increase of LMW-BPR content. When the content of LMW-BPR reaches 30 phr, the plasticized PVC composites are almost nonmigratory. In addition, compared with PVC composite plasticized by pure DINCH, co-plasticized PVC composites containing LMW-BPR exhibit higher tensile strength and thermal stability, and their flexibility, low-temperature resistance and biocompatibility are also maintained at a similar level to the former. Overall, LMW-BPR is an effective eco-friendly polymeric plasticizer for PVC and also sustainable and scalable, thus it is worthy of wide application.
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1 INTRODUCTION
Plasticizer is one of the largest polymer auxiliaries produced and consumed in the world, with a market volume of nearly 10 million metric tons, of which the soft polyvinyl chloride (PVC) industry accounts for about 90% (Ledniowska et al., 2022). PVC plasticizer commodities are varied, of which phthalates [e.g., di (2-ethylhexyl) phthalate-DEHP] are the most consumed, accounting for nearly 90% of the total. Unfortunately, some studies have shown that phthalates migrate easily and that phthalates migrating from PVC products can cause toxic effects on living organisms’ hypophysis cerebri, liver or genital system, and increase the incidence of some inflammatory diseases and even cancer (Agarwal et al., 1989; Dirven et al., 1990; Kolarik et al., 2008; Cao et al., 2019; Ito et al., 2019; Yu et al., 2019). Therefore, in recent years, some countries have enacted bills (e.g., the EU REACH Act) to prohibit the use of phthalates in some PVC products that are frequently contacted by humans, such as medical devices, food packaging or children’s toys. In this context, non-toxic and eco-friendly plasticizers such as di-isononyl cyclohexane-1,2-dicarboxylate (DINCH) and tri-octyl trimellitate (TOTM) have been widely used (Chiellini et al., 2013; Bourdeaux et al., 2016; Tortolano et al., 2018). However, the nature of small molecules makes these eco-friendly plasticizer commodities easy to migrate out of PVC products, which in turn affects the serviceability of the products and can cause contamination (Rahman and Brazel, 2004; Yu et al., 2008). Therefore, it is important to develop eco-friendly plasticizers that are resistant to migration (Jia et al., 2021; Ma et al., 2022; Han et al., 2024).
Substituting small molecular plasticizers with polymeric plasticizers has proven to be an effective strategy for inhibiting plasticizer migration in PVC products (Hakkarainen, 2008). Among the existing polymeric PVC plasticizers, nontoxic and eco-friendly polyester plasticizers are the most representative (Rusu et al., 2006; Lindström and Hakkarainen, 2007; Sin et al., 2012; Xie et al., 2014; Chuayjuljit et al., 2015; Zhao et al., 2015; Gao et al., 2018; Tan et al., 2019), with a history of use dating back to the 1940s (Rushton and Salomons, 1969). The high molecular weights of polyester plasticizer commodities (typically less than 10 kg/mol) give them excellent migration resistance, but they may still migrate in service in some harsh environments (Miao et al., 2017). Further molecular weight improvement may be an effective strategy to enhance the migration resistance of polyester plasticizers (Sun et al., 2019). However, for most semi-crystalline polyester plasticizers without additional modification, the macromolecular crystal region will affect the plasticizing efficiency and flexibility of soft PVC materials at high plasticizer filling volume, thus limiting their application scope (Lindstrom and Hakkarainen, 2006; Yin and Hakkarainen, 2011; Xu et al., 2020). To obtain excellent migration resistance while avoiding crystallization, developing high-molecular-weight amorphous polyester plasticizers may be an effective route.
Biobased polyester rubber (BPR), an innovative synthetic rubber that is both biosourced and biodegradable, not only has an amorphous polyester structure but also has an adjustable molecular weight (Zhang et al., 2021; Tang et al., 2022). In 2012, our laboratory developed and reported the first generation of BPR, namely poly (propanediol/butanediol/succinate/itaconate/sebacate) (Wei et al., 2012). Subsequently, a variety of high-performance BPR nanocomposites (Yang et al., 2012; Yang et al., 2013; Gao et al., 2016) and high-toughness polylactic acid/BPR composites (Kang et al., 2013) were developed by using high-molecular-weight BPR (HMW-BPR, M > 30 kg/mol). However, the development of application technology for low-molecular-weight BPR (LMW-BPR, M ≤ 30 kg/mol) is still blank. Herein, we synthesized LMW-BPR with a molecular weight of about 20 kg/mol as a high-molecular-weight amorphous plasticizer and blended it with DINCH in different ratios to evaluate its application potential as a migration-resistant and eco-friendly PVC plasticizer.
2 MATERIALS AND METHODS
2.1 Materials
Biobased 1,3-propanediol (≥99.5%, PDO) was provided by Suzhou Suzhen Bioengineering Co., Ltd. Biobased 1,4-butanediol (≥99.5%, BDO) was provided by Yuanli Chemical Group Co., Ltd. Biobased succinic acid (≥99.5%, SuA) was provided by Shandong Land Biological Technology Co., Ltd. Biobased sebacic acid (≥99.5%, SeA) was purchased from Shanghai Zhongshen Chemical Co., Ltd. Bioabsed itaconic acid (≥99.0%, IA) was purchased from Qingdao Langyatai Group Co., Ltd. Hydroquinone (≥99.0%), phosphorous acid (≥99.0%), and titanium (Ⅳ) n-butoxide (≥99%, TBT) were purchased from Alfa Aesar. PVC resin (S-70) was purchased from Formosa Group (Taiwan). Diisononyl 1,2-cyclohexane-dicarboxylate (DINCH) was purchased from BASF. Ca-Zn thermal stabilizer was purchased from Shandong Wantu Polymer Material Corporation Limited. Ethanol (AR) and petroleum ether (AR) were purchased from Beijing Chemical Plant. All chemicals were used as received without further purification.
2.2 Synthesis of low-molecular-weight biobased polyester rubber
The selected biobased polyester rubber (BPR) in this work is a fully biobased amorphous copolyester synthesized from biobased PDO, BDO, SuA, IA and SeA, and its synthesis pathway is the same as that reported in our previous work (Wei et al., 2012). However, to obtain a product suitable for use as a plasticizer, a low-molecular-weight BPR product was obtained by controlling the polycondensation time. The synthesis experiment was carried out on a 100-L esterification-polycondensation reactor in the following steps: (a) First, five stoichiometric biobased monomers, including PDO (10.8 kg), BDO (12.7 kg), SuA (19.1 kg), IA (3.3 kg) and SeA (14.0 kg), as well as the antioxidant phosphorous acid (0.01 wt% relative to all monomers) and the inhibitor hydroquinone (0.04 wt% relative to all monomers) were added into the reactor and esterified at 180°C for 2 h to obtain esterification product; (b) Then, the polycondensation reaction was performed at 220°C for 3 h under reduced pressure with TBT (0.05 wt% relative to all monomers) as catalyst; (c) Last, the polycondensation product was discharged and cooled to room temperature to obtain the target product, namely LMW-BPR.
2.3 Preparation of plasticized PVC sheets
In this work, using LMW-BPR and/or DINCH as the plasticizer, six plasticized PVC samples were prepared and named PVC/LMW-BPR-x, where x denotes the amount of LMW-BPR. As shown in Table 1, the formula for the preparation of PVC/LMW-BPR samples was demonstrated, and the preparation process was as follows: (a) First, the pre-mixed mixture containing PVC resin, mixed plasticizer and Ca-Zn stabilizer was added to a two-roll mill and processed at 160°C for 15 min; (b) Then, the cooled mixture was added to the mold and hot-pressed in a curing press for 5 min at 175°C and 10 MPa; (c) Last, the sample was transferred to a cold press and cold-pressed at 10 MPa for 5 min to obtain the target sheet with 2-mm thick.
TABLE 1 | The formula for preparing soft PVC samples.
[image: Table 1]2.4 Characterization
The molecular weight of the LMW-BPR plasticizer was determined by gel permeation chromatography (GPC) in tetrahydrofuran on a Waters Breeze instrument. Fourier transform infrared spectroscopy (FTIR) spectrum of LMW-BPR was recorded on a Bruker Tensor 27 spectrometer in the wavenumber ranging from 4,000 to 500 cm−1 at a resolution of 4 cm−1. Nuclear magnetic resonance (NMR) spectrum of LMW-BPR was recorded on a Bruker AV600 spectrometer, and the solvent was CDCl3. Differential scanning calorimetry (DSC) measurements were performed with a Mettler-Toledo DSC instrument under nitrogen. The testing process was as follows: (a) Heating from 25°C to 160°C and then keeping at 160°C for 5 min; (b) Cooling from 160°C to −100°C and then keeping at −100°C for 10 min; (c) Reheating from −100°C to 160°C. The rate of temperature change was 10 °C/min for all stages. Thermogravimetric analysis (TGA) measurements were carried out on a Mettler-Toledo TGA/DSC1 STARe system under nitrogen, and a heating rate of 10 °C/min was used. The low-temperature resistance test of plasticized PVC was carried out on a rubber/plastic low-temperature brittleness tester according to GB/T 1682-2014. Tensile test was carried out on a CMT 4104 Electrical Tensile Instrument according to GB/T 1040.2-2022, and a crosshead speed of 50 mm/min was used.
Migration resistance test was carried out as follows: (a) First, the plasticized PVC sheet was cut into 10 mm × 10 mm × 2 mm specimen and the initial mass was recorded as m0; (b) Then, the specimen was fully immersed in ethanol or petroleum ether at 25°C for 96 h; (c) Last, the immersed specimen was taken out and dried to a constant mass, which was recorded as m1. The migration loss rate of plasticizers in PVC materials can calculated according to Eq. 1:
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The cytotoxicity of plasticized PVC was evaluated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Xue et al., 2015). The samples for test were cut into slices of similar size (3 cm × 1 cm × 2 mm) and sterilized by washing three times with a 75% (v/v) ethanol solution in sterilized water and exposed to Co60 for 15 min. After sterilization, the samples were incubated in Dulbecco’s modified Eagle’s medium (DMEM) at a proportion of 3 cm2/mL for 24 h at 37°C. The extract solution was then filtered (0.22 μm pore size) to eliminate any solid particles of the material. MC3T3-E1 cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) at a density of 4.0 × 104 cells/mL, and 100 μL of cell resuspension solution was pipetted into 96-well micrometre plates. After incubation at 37°C under 5% of CO2 atmosphere for 24 h, the medium was replaced by the previously prepared extracted dilutions, with the culture medium as blank control and dimethyl sulfoxide (DMSO) as negative control. After 24, 48, and 72 h of incubation with the samples, the morphologies of the cells in the plate were observed by using an inverted phase contrast microscope. The cells were treated with 20 μL/well MTT (5 mg/mL in PBS solution) and incubated for another 4 h at 37°C in a humidified atmosphere of 5% CO2. Then the culture medium was removed, and 200 μL/well of DMSO was added to dissolve the formed formazan crystals. After the plate was shaken for 15 min, the optical density (O.D.) was read on a multiwell microplate reader at 630 nm. The cytotoxicity for each membrane was tested by six averages of extract substrate. The viability percentage was expressed as the relative growth rate (RGR) by Eq. 2:
[image: image]
where O.D.Sample, O.D.DMSO and O.D.Control are the O.D. of the cells incubated in the samples’ extract solution, the DMSO, and the blank control.
3 RESULTS AND DISCUSSION
3.1 Structure and properties of LMW-BPR plasticizer
In this work, the LMW-BPR plasticizer was synthesized from biobased 1,3-propanediol, 1,4-butanediol, succinic acid, itaconic acid and sebacic acid in a 100-L reactor. The number average molecular weight of LMW-BPR measured by GPC is 22 kg/mol, which is smaller than that of BPR for rubber nanocomposites (>30 kg/mol), but significantly higher than that of most plasticizer commodities for PVC (<10 kg/mol). As shown in Figure 1A, the molecular structure of LMW-BPR is demonstrated, and the characteristic absorption peaks of each group it contains can be found in the FTIR spectrum shown in Figure 1B. The absorption peaks at 2,931 cm−1 and 2,859 cm−1 are assigned to the symmetrical and the antisymmetric stretching vibration of methylene (-CH2-). The intense absorption peak at 1732 cm−1 is associated with the stretching vibration of the carbonyl (C = O) in ester bond. The weak absorption peak at 1,645 cm−1 is assigned to the stretching vibration of the C = C group in itaconic acid unit. The strong absorption peak at 1,159 cm−1 is associated with the stretching vibration of C-O-C = O groups in ester bonds.
[image: Figure 1]FIGURE 1 | Structure and properties of LMW-BPR plasticizer. (A) Molecular structure; (B) FTIR spectrum; (C) 1H-NMR spectrum; (D) DSC curves.
The microstructure of LMW-BPR plasticizer was also further characterized through NMR. As shown in Figure 1C, the characteristic peaks of different hydrogen atoms in each monomer unit of LMW-BPR can be found in the 1H-NMR spectrum. The signals at 4.17 ppm and 1.98 ppm are respectively attributed to -O-CH2- and -O-CH2-CH2- in PDO unit. The signals at 4.12 ppm and 1.61 ppm are respectively attributed to -O-CH2- and -O-CH2-CH2- in BDO unit. The signal at 2.63 ppm belongs to the methylene (-CH2-COO-) in SuA unit. The signals at 6.32 ppm and 5.73 ppm are attributed to -CO-C (=CH2)-CH2- in IA unit, and the signal at 3.34 ppm belongs to -CO-C (=CH2)-CH2- in IA unit. The signals at 2.29 ppm, 1.71 ppm and 1.30 ppm correspond respectively to the three characteristic hydrogen atoms in the SeA unit.
The crystalline property of LMW-BPR was characterized by DSC. As shown in Figure 1D, LMW-BPR does not show any crystallization and melt transition during cooling and heating. This proves that it is an amorphous copolyester rubber. In addition, LMW-BPR also has a low glass transition temperature (Tg) and therefore has the potential to be used as a novel PVC plasticizer with good cold resistance. Overall, we obtained a novel fully biobased polyester plasticizer with the expected microstructure, low Tg and amorphous condensed structure.
3.2 Migration resistance of plasticizers in PVC materials
As shown in Figure 2, the migration loss rates of plasticizers in PVC materials after 96 h immersion in ethanol and petroleum ether at room temperature are demonstrated, respectively. The results showed that DINCH migrates in both solvent environments and has a higher migration loss rate in non-polar petroleum ether. However, there was no migration loss of LMW-BPR plasticizer in both solvent environments. This is mainly because LMW-BPR has a much higher molecular weight than DINCH and thus has higher migration resistance in the PVC matrix. When LMW-BPR was used in combination with DINCH to plasticize PVC, the migration loss rate of plasticizer (namely DINCH) decreased dramatically with the increase of LMW-BPR amount. When the amount of LMW-BPR was higher than 30 phr, there was almost no plasticizer loss in PVC materials. This indicates that the introduction of LMW-BPR can inhibit the migration of DINCH. The main reason is that the ester group in LMW-BPR can interact with that in DINCH, thus hindering the migration of DINCH from the PVC matrix. Overall, LMW-BPR is a novel plasticizer with excellent migration resistance and can inhibit the migration of the small-molecule DINCH.
[image: Figure 2]FIGURE 2 | Migration loss rates of plasticizers in PVC materials after 96 h immersion in ethanol and petroleum ether.
3.3 Mechanical properties of PVC materials
As shown in Figure 3, the stress-strain curves of the plasticized PVC materials, as well as the line charts of their tensile strength and elongation at break as a function of LMW-BPR amount are demonstrated. The results showed that using LMW-BPR plasticizer to partially or completely replace DINCH for plasticizing PVC resin, the elongation at break of the resulting plasticized PVC materials remained at a high level (∼300%), which is comparable to that of PVC material plasticized by pure DINCH. This proves that LMW-BPR is a promising and efficient plasticizer for PVC. Note that the tensile strength of the plasticized PVC material gradually increased with increasing LMW-BPR substitution. The main reason for this is that the ester group content of LMW-BPR is higher than that of DINCH, and therefore the total interaction between the ester group and the chlorine atom in the plasticized PVC is enhanced with the increase of LMW-BPR substitution.
[image: Figure 3]FIGURE 3 | Mechanical properties of plasticized PVC materials: (A) Stress versus strain curves; (B) Line charts of tensile strength and elongation at break.
3.4 Thermal properties of PVC materials
Figure 4A shows the DSC curves of PVC materials. The Tg of plasticized PVC was significantly lower than that of pure PVC resin. This proves that the introduction of LMW-BPR and DINCH played a good plasticizing effect. As mentioned above, both the density of ester groups and the total interaction between ester groups and chlorine atoms in the plasticized PVC materials gradually increased with the increase of LMW-BPR content. This leads to a weakening of the molecular chain motility in the plasticized PVC material, which in turn leads to a gradual increase in the Tg of the material. As shown in Figure 4B, when the content of LMW-BPR is low (≤30 phr), the plasticized PVC material has a low embrittlement temperature (<−50°C), i.e. shows excellent low-temperature resistance. When the content of LMW-BPR is too high, the interaction between the molecular chains in the plasticized PVC material is too strong, which in turn leads to the deterioration of low-temperature impact performance. Note that all plasticized PVC materials have an embrittlement temperature below −40°C and therefore have the potential to be used in low-temperature fields.
[image: Figure 4]FIGURE 4 | Thermal properties of plasticized PVC materials: (A) DSC curves; (B) Bar chats of embrittlement temperatures; (C) TG thermograms; (D) DTG thermograms.
Figures 4C, D show the thermogravimetric (TG) and derivative thermogravimetric (DTG) thermograms of plasticized PVC materials, respectively. All PVC samples exhibit a two-stage thermal weight loss, the first corresponding to the elimination reaction of the chlorine atoms and the second to the thermal cleavage of the molecular backbone. With the increase of LMW-BPR content, the onset decomposition temperature at 5% of weight loss (Td, 5%) and the maximum decomposition temperature of the first stage (Td, max1) of plasticized PVC materials gradually increased. The main reason is that the interaction between ester groups and chlorine atoms in plasticized PVC increases with the increase of LMW-BPR content, which will inhibit the elimination of chlorine atoms to a certain extent. Overall, plasticized PVC materials with good low-temperature resistance and high thermal stability can be prepared by using LMW-BPR as a plasticizer.
3.5 Biocompatibility of PVC materials
In vitro cytotoxicity test is one of the important methods to characterize the biocompatibility of materials. To evaluate the biocompatibility of plasticized PVC materials, we tested the relative growth rate (RGR) values of MC3T3 cells cultured in the extracts of different plasticized PVC materials at different times by using MTT assay. As shown in Figure 5, all plasticized PVC materials have RGR values above 75%, which corresponds to cytotoxicity grade 1 or 0, and thus are qualified biocompatible materials. Overall, LMW-BPR has comparable biocompatibility with the eco-friendly plasticizer DINCH, and is a promising, non-toxic and eco-friendly plasticizer.
[image: Figure 5]FIGURE 5 | RGR values of MC3T3 cells cultured in the extracts of different plasticized PVC materials for different times.
4 CONCLUSION
In this paper, LMW-BPR with Mn of 22 kg/mol and Tg of −48°C was synthesized by melting polycondensation in a 100-L esterification-polycondensation reactor from five biobased polyester monomers, namely 1,3-propanediol, 1,4-butanediol, succinic acid, itaconic acid and sebacic acid. Subsequently, plasticized PVC composites with a total plasticizer content of 50 phr were prepared by using a mixture of LMW-BPR and DINCH as the plasticizer. Due to its high molecular weight, which is lower than that of existing polyester rubber but higher than that of most polyester plasticizer commodities, LMW-BPR does not migrate out of plasticized PVC composite and also can inhibit the migration of small molecules of DINCH. Migration resistance tests show that when the content of LMW-BPR reaches 30 phr, the plasticized PVC composites are almost nonmigratory. With the increase of LMW-BPR content, the tensile strength and the thermal stability of plasticized PVC composite increase, which can be attributed to the existence of strong interaction between abundant in-chain ester bonds in LMW-BPR and chlorine atoms in the PVC matrix. In addition, plasticized PVC containing LMW-BPR exhibited comparable plasticizing efficiency, flexibility, low-temperature resistance and biocompatibility with pure DINCH plasticized PVC. Overall, in this work, we have not only developed an efficient, sustainable and easily scalable PVC plasticizer, which is worthy of wide application, but also broadened the application range of BPR.
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